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Abstract 
Excess electricity from wind and sun can be transformed into hydrogen and with carbon dioxide subsequently into 
methane. When needed, electricity is regained in a combined cycle plant burning the methane. To close the carbon 
cycle carbon dioxide is captured on site. Two subsurface storage formations for both gases are required for the 
technology. Our regional showcase of two German cities, Potsdam and Brandenburg/Havel, demonstrates that about 
30 % of their electricity demand can be provided in that way, using 17.2 % of renewable electricity generated in the 
State of Brandenburg. The overall efficiency of the system is 27.7 %.  
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1. Introduction 
In its energy concept the German government aims at a reduction of a minimum 80 % of greenhouse 
gas emission from 1990 by 2050. This shall be achieved by three measures: i) switching main parts of the 
energy system from fossil to renewable energy, ii) reducing energy consumption by the increase of energy 
efficiency and iii) the deployment of carbon capture and storage for industries which produce CO2 or rely 
heavily on fossil fuels, e.g. cement, and steel production and the energy production sector [1]. Studies 
claim that in 2050 electricity can fully be provided by renewable energy units (REU) [2]. 
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An energy system which is based on renewable energy sources needs to account for some limitations: 
 Short term shortage of electricity: Due to the volatile nature of the electricity production by wind and 
sun large fluctuations in the power supply can occur. Hence, the system needs to be stabilised by a 
quick responding reserve in order to maintain a high quality supply during the day. 
 Longer term shortage of electricity: These periods of up to two weeks with little wind and sunlight can 
occur during autumn and winter. Therefore, storage and generation capacity must be available to 
bridge potential electricity gaps [2]. 
 In order to accommodate the feed-in of a large number REU distributed all over Germany the power 
grid needs extensive development at all levels. 
 
 
Fig. 1. Mass flow of the extended Wind-to-Gas concept 
The extended Wind-to-Gas concept, based on the concept of Sterner 2009 [3], presented in Fig. 1 can 
answer to the first and second problem considering the requirements of the future energy system. In this 
study, we focus on the first issue. The concept is based on converting excess electricity by REU into 
hydrogen and subsequently into methane. CH4 is distributed and stored in the existing natural gas 
network. It is combusted at times of limited availability of REU electricity in a combined cycle plant 
(light grey shaded area in Fig. 1). Combined cycle plants are able to quickly change generation from 
partial to full load. The extension to the Wind-to-Gas system presented here is coupling the plant to a CO2 
capture unit and subsequently to dynamic CH4 and CO2 storage. Once the CO2 storage reservoir is charged 
by means of availability of a cushion and working gas e.g. with CO2 produced by a biogas plant (which 
result in negative emissions) or from sources which cannot avoid producing CO2 as steel or cement 
industry (which result in balanced emissions). The CO2 can then be produced from the storage reservoir 
and used to generate CH4 which again can be stored locally in another storage reservoir as well as 
produced and combusted as required. CO2 generated during combustion is then captured and stored 
underground making it available for the next generation cycle (dark grey shaded area in Fig. 1). 
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The requirements for the geological settings needed for the extended Wind-to-Gas concept can mainly 
be found in the North German Basin [4]. On the other hand, the eastern part of Germany is a pioneer 
region for renewable energies. Therefore, we decided to conduct this study in the State of Brandenburg. 
We evaluate in a simplified approach if the coupled concept can play a significant role in a distributed 
energy system on a regional base using the technology and REU available today. Taking this into account 
our main questions are as follows: 
 How many REU are needed to provide about 30 % of electricity for the cities of Potsdam and 
Brandenburg/Havel with 227,000 citizens in total and an electricity demand of about 900 GWh/year 
using the Wind-to-Gas CH4? 
 What are the energetic costs for coupling the combined cycle plant to geologic dynamic CH4 and CO2 
storage? 
 What is the overall efficiency of such a closed carbon cycle? 
2. Reaction efficiency of the Wind-to-Gas concept 
The Wind-to-Gas concept can be chemically described by the following set of equations: 
Electrolysis: 2H2O(l)  2H2(g) + O2(g), RH= 571,66 kJ (1) 
Methanation: CO2(g) + 4H2(g)   CH4(g) + 2H2O(l), RH= -252,94 kJ (2) 
Combination:  CO2(g) + 2H2O(l)   CH4(g) + 2O2(g), RH= 890,34 kJ (3) 
Evaporation of water: 2H2O(l)   2H2O(g), RH= 88,02 kJ (4) 
 
Electrolysis (1): It is an endothermic reaction which needs to provide four moles of H2 to transform 
CO2. Various technologies for electrolysers are available on the market. Common systems are alkaline 
electrolysers, proton exchange membrane electrolysers and high temperature water vapour electrolysers 
[5]. The efficiency of the H2 production is set as specific energy consumption in kWh per sm3 in relation 
to the stored amount of energy in the H2 with 3 kWh/sm3. Alkaline electrolysers are commercially 
available for a long time and modules producing 1-760 sm3/h are available [6]. The specific energy 
consumption varies between 4.1 kWh/sm3 and 4.5 kWh/sm3 for atmospheric electrolysers and 
4.5 kWh/sm3 to 5.0 kWh/sm3 for pressure electrolysers (gases are provided at a pressure of 3 MPa). For 
the calculation in our study we assume a specific energy consumption of 4 kWh/sm3 for atmospheric 
electrolysers. In order to account for H2 compression from 0,1 MPa to 0,8 MPa for the methanation 
process an additional demand of 0.05 kWh/sm3 H2 is estimated. 
Methanation (2): It is an exothermal reaction. On laboratory scale the methanation reaction proceeds 
in the presence of nickel catalysts and other metals at 250 °C  300 °C almost stoichiometric [7]. As CH4 
production by methanation is currently too expensive, only demo scale projects were implemented in 
Germany as a proof of concept [8], [9]. In the following calculation the efficiency of this step is assumed 
to equal 75 % [8]. 
Combustion of CH4 (3) in a combined cycle plant: It is an exothermal reaction and is the reverse 
reaction of Equation 3. As the condensation heat of water can hardly be used, it needs to be subtracted 
(Equation 4) giving the net calorific value of CH4 (802 kJ/mole). The capacity of the combined cycle 
plant is determined to 120 MWelec. The maximum capacity needed at once in Potsdam and 
Brandenburg/Havel is about 160 MW during winter. This represents a typical value for cities with a high 
share of housing, administration and a small share of industry. For a more industrialised region the values 
are different. We assume an efficiency of 58 % for the combined cycle plant. Coupled to a post-
combustion carbon capture process the overall power generation efficiency is reduced to 50 % [10]. The 
reduction due to the capture process could be lower considering that O2 produced in the electrolysis is 
used to fuel the combustion process leaving a flue gas richer in CO2. 
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3. Elaborating the Wind-to-Gas concept 
In order to calculate the energy needed for underground storage of CH4 and CO2 within the extended 
Wind-to-Gas concept the generation of REU electricity and the demand of the 50hertz control zone need 
to be analysed. This results in timely discretized CH4 and CO2 injection rates which are then used to 
calculate the development of downhole pressure at both underground storage sites. This data is used to 
calculate the energy demand of compressors and pumps to inject the gases into the storage reservoirs 
underground. 
3.1. Development of REU in 50hertz control zone and in the state of Brandenburg 
The data for energy generation including REU and load is publicly available from the transmission 
network operators for 2007 onwards with a varying data content [11], [12]. Germany transmission 
network is divided into four different transmission networks. The 50hertz control zone encloses seven 
federal states: Brandenburg, Mecklenburg-West Pomerania, Saxony, Saxony-Anhalt, Thuringia, Berlin 
and Hamburg with approximately 24 % of the German population (19.6 Million) covering 30 % of the 
German territory. The following data was used:  
 accumulated data for the 50hertz control zone for generation and load of electricity for the 
transmission network level; 
 accumulated data for the 50hertz control zone for the generation of electricity by solar and wind units; 
 capacity, produced electricity, location and connection date of each REU. 
The grid data of the 50hertz control zone has a temporal resolution of 15 minutes. A constraint is that 
generation and load only refer to the transmission network level and do not include generation and load 
which has been incurred locally, and thus not transported via the transmission network. We assume this 
effect to be small and not biasing the analysis carried out. For the regional focus of the study, the data for 
the State of Brandenburg is needed. It is assumed that in average the State of Brandenburg complies with 
the generation and load of the 50hertz control zone and hence can be derived from the 50hertz data. This 
idea is supported by full load hours for wind turbines and solar panels which differ by 1 % to 2 % in 
average from 2007 to 2011 between the two regions. 
In Fig. 2 the development of the REU in the 50hertz control area and Brandenburg (the latter given in 
brackets in the following) is shown. Within five years from the beginning of 2007 to 2011 the number of 
solar panels increased from 15,864 (2,614) to 81,231 (17,814) units by increasing the installed capacity 
by a factor 35 (52) from 165 MW (22 MW) to 5.8 GW (1.2 GW), producing 2.3 TWh (0.7 TWh) of 
electricity in 2011 (Fig. 2). In the same time period wind turbines increased from 5,718 (2,284) to 8,216 
(3,000) units by increasing the installed capacity from 8.3 GW (3.1 GW) to 11.6 GW (4.5 GW) producing 
18.8 TWh (7.1 TWh) of electricity in 2011. 
In Fig. 2 the impact of the weather is apparent. Although the installed capacity at the end of 2009 was 
higher than in the years before, the produced electricity was less. In 2010 the full load hours for wind 
turbines are smallest with approximately 12 % less than the average of 2007 to 2011, but the constant 
expansion of the units balances the effect and the produced electricity increased. 
With respect to the generation and load of electricity by end of 2010, the 50hertz control zone: 
 was a net producer of electricity with an annual load of 91.4 TWh and a production of 102.3 TWh, 
 held a share of 37 % of German wind turbines installed with a capacity of 41 % and produced 42 % of 
the overall wind energy in Germany [13], 
 held a share of 7 % of solar panels with 16 % of the installed capacity and produced 9 % of the overall 
sun energy in Germany [13],  
produced during six hours more electricity by REU than its load. 
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Fig. 2. Development of the generated electricity by photovoltaic and wind turbines in the 50hertz control zone and in the State of 
Brandenburg (BB) 
Hence, for this study a certain amount of electricity has to be defined as excess electricity. This is 
explained in Section 3.2 below. It is worth noticing that by defining excess energy on the scale of the 
50hertz control zone, it is disregarded that the zone is a net producer of electricity. In a joined 
German/European energy market, excess energy should be defined on a German/European level, 
assuming an appropriate power grid is in place. It is currently more efficient and economical to sell the 
electricity at the time of its generation than to store it. Hence, the amount of excess electricity is probably 
overestimated in this study. As the study is a proof of concept trying to reproduce the main features of the 
Wind-to-Gas concept, the pattern of production and consumption of Wind-to-Gas CH4, is nevertheless 
representative. 
3.2. Determination of excess electricity 
The analysis of the power grid data provides a pattern when excess energy can be expected as a 
consequence of REU (high REU case) during a day and during a year and when additional production of 
electricity (low REU case) is needed. 
In order to determine the different cases, the quotient of electricity produced divided by the installed 
capacity was calculated (production quotient) for solar and wind units separately yielding the time all 
respective units need to generate this amount of energy. Times vary between 0 and 1 hour. In case all 
units produce at 100 % of their capacity, the production quotient would be 1 h. The highest production 
quotient for wind turbines is 0.85 h in March 2010 and for solar panels 0.65 h in June 2010. This means 
that as a maximum averaged over the whole 50hertz control zone all installed wind turbines generate at 
85 % of their capacity. 
A time step was counted as high REU case if the production quotient was higher than 0.3 h. For such 
a time step, 40 % of the produced electricity was diverted to the Wind-to-Gas system. This condition was 
fulfilled during 1,565 hours in 2010. 
In order to determine if a time step could be regarded as a low REU case, load has been divided by the 
median of the load for each month in 2010 produced by REU (demand ratio). The condition for the low 
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REU case was defined as the demand ratio which is equal or bigger than 1 and the sum of the production 
quotient for sun and wind was below 0.2 h. This condition was fulfilled during 2,481 hours in 2010. 
 
The same analysis was performed for the installed solar panels. In 2010 the electricity generated by 
solar panels is 7 % (5 %) compared to that generated by wind turbines. As a consequence, solar power is 
only considered at times when excess energy is generated by wind turbines.  
Overall 19.2 % or 1.2 TWh of the REU electricity have been defined as excess electricity. For the 
electricity generation 17,2 % or 1,1 TWh are needed. The difference is assumed to be feed into a pipeline.  
 
 
Fig. 3. Development of synthesized and combusted CH4 and development of the monthly difference between the captured and the 
produced CO2 
Fig. 3 shows the development of CH4 on a monthly basis of methanation and combustion in the 
combined cycle plant. The demand for CH4, and hence for additional electricity varies by a factor of two 
through the year and can be considered fairly constant with a minimum of 168 Mmole (19 GWh) in June 
and a maximum of 324 Mmole (36 GWh) in January. The synthesis of CH4 varies according to the 
meteorological conditions by a factor of ten leading to two maxima in CH4 synthesis corresponding to 
two maxima in excess electricity in March (177 GW) and November (184 GW) and a minimum in July 
(18 GW). For January, February and from July to October more CH4 is combusted (yellow line) than 
synthesised, while being balanced over the entire year. CO2 used for methanation is anti-correlated to the 
monthly CH4 difference. CH4 and CO2 are stored underground, if their respective monthly difference is 
positive. The carbon capture process attached to the combined cycle plant has a capture efficiency of 
approximately 90 % of CO2 generated during CH4 combustion. A surplus of 10 % CO2 for methanation is 
needed to gain high yields leading to a CO2 deficit of 1,065 Mmole or 46,859 t. 
4. Reservoir simulations 
Reservoir simulations using the TOUGH2-EWASG software package [14] were undertaken to 
calculate the required cushion gas in the CO2 and CH4 storage reservoirs. Hereby, the conditions in both 
storage reservoirs were assumed as indicated in Table 1. 1D radial-symmetric models of 10 m and 20 m 
thickness and 3,000 m lateral length were applied to describe the pressure elevation during cushion gas 
injection as well as the dynamic pressure behaviour in the reservoir during cyclic injection and production 
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of CO2 and CH4, respectively. The outer boundary of the radial-symmetric model was set to be closed 
represent compartmentalised reservoirs in both cases.
Table 1. Reservoir conditions and parameters applied in the numerical simulations of CO2 and CH4 storage
Temperature (°C) 45
Hydrostatic pressure (MPa) 10
Salinity (kg NaCl/kg solution) 0.2
Porosity (%) 20
Permeability (mD) 400
Residual water saturation Sgr (%) 0.1
Residual water saturation Swr (%) 0.15
van Genuchten-Mualem m (-) 0.457
van Genuchten 1/P0 (1/Pa) 5.11E-04
Pore compressiblity (1/Pa) 9.00E-10
Thickness CH4 storage reservoir (m) 10
Thickness CO2 storage reservoir (m) 20
Assuming that pumping and compression is required for CH4 and CO2 injection, injection rates 
according to the CH4 and CO2 excess plotted in Fig. 4. were applied. A pressure gradient of 1 MPa 
between reservoir and well head was assumed to be sufficient in order to ensure a free flow production of 
CH4 and CO2 without pumping. Hence, the first condition to be met by the numerical simulations was
maintaining this pressure gradient of 1 MPa. For that purpose, cushion gas injection as well as cycling
injection and production of both gases were investigated in an iterative process. This resulted in the 
injection of 2.5 million metric tonnes of cushion gas (CO2) into the CO2 storage reservoir increasing the
reservoir pressure from hydrostatic (10 MPa) to about 12 MPa as well as the injection of about 
31,500 metric tonnes of CH4 with a pressure increase by about 6 MPa to a reservoir pressure of 16 MPa 
considering the respective reservoir thickness (Table 1).
Fig. 4. Reservoir pressure development during dynamic cycling of injection and production in CO2 storage reservoir for operational
time of 20 years (left) and dynamic cycling of injection and production in the CH4 storage reservoir for one year of operation (right)
Investigations of minimum water saturation at the well element during the entire simulation time in 
both reservoirs were considered to determine a maximum water cut of 0.5. Production rates were adjusted
accordingly to take into account the amount of produced gas. Since CH4 production and injection balance
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is in equilibrium each year, simulations were undertaken for one year only and scaled to the entire 
operation time of the Power-to-Gas system. However, the CO2 storage reservoir is depleting with time, 
since production rates exceed injection rates. An operational time of 20 years was considered in the 
simulations for that reason. A more complex approach involving re-injection of produced water using a 
second well would have to be considered for a more precise assessment. 
Fig. 4 (left) shows the reservoir pressure development during dynamic cycling of CO2 injection and 
production during the entire operational time of 20 years. Reservoir pressure decreases from about 
12.1 MPa to about 11.6 MPa, whereas the dynamic impact of CO2 cycling on reservoir pressure is 
increasing with time due to increasing reservoir depletion. The dynamic behaviour of reservoir pressure in 
the CH4 storage reservoir is plotted in Fig. 4 (right). Starting with a pressure of about 16 MPa after 
cushion gas injection, CH4 cycling leads to minimum reservoir pressures of about 13.6 MPa in September 
and to pressure peaks of about 16.2 MPa in May. Since the CH4 balance and pressure is maintained over 
the entire operational year, reservoir simulations were limited to a simulation time of one year. The 
respective reservoir pressures and applied injection rates were used to calculate the development of 
wellhead pressures over the entire operational time and determine the required energy to operate the 
pumps and compressors for CH4 and CO2 injection. 
5. Calculation of energy consumption for the storage operation 
5.1. CO2 Storage 
In order to store the captured CO2, it has to be compressed from atmospheric pressure (0.1 MPa) to the 
critical state (7.38 MPa), whereas compression is undertaken in five stages. The power consumption of 
each compression stage was calculated according to McCollum et al. 2006, [15]. The total power 
consumption for CO2 compression is the sum of the energy consumed at each compression stage. 
 
 
Fig. 5. Cumulative energy consumption for cushion gas injection in 2009 and subsequent cyclic CO2 storage for 20 years of 
operation 
Compressors are operated until the critical point of CO2 is reached, whereas the injection is taken over 
by pumps. Since injection rates are low during CO2 and CH4 cycling storage, the pressure loss in the 
injection and production wells can be neglected in the calculations. For that reason, a static determination 
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of well head pressures (WHP) was undertaken using an iterative approach based on the simulated 
reservoir pressures and a geothermal gradient of 0.03 °C/m (well head temperature (WHT) is 15 °C, 
reservoir temperature is 45 °C), taking into account the pressure- and temperature-dependent gas density 
being calculated by the equation of state developed by Kunz et al. [16].  
Based on a cyclic reservoir pressure variation between 116 bar and 121 bar and injection rate variation 
between 0.103 kg/s and 2.7 kg/s (April to August) as well as the cushion gas injection at 80 kg/s for one 
year, the total energy requirement for CO2 injection sums up to 9,697 MWh in 20 years (cf. Fig. 5). 
5.2. CH4 storage 
The calculation of energy requirement for CH4 compression and injection is undertaken similar to that 
for CO2 injection. However, the input parameters are adapted to the physical boundary conditions 
relevant for CH4 storage (CH4 specific heat and compressibility, critical point and injection rates). Since 
the critical pressure of CH4 is reached at 4.6 MPa and CH4 leaves the methanation reactor at a pressure of 
0.8 MPa, the compression starts at 0.8 MPa and is completed at 4.6 MPa in five compression stages. As 
shown in Fig. 6, the yearly CH4 injection rates vary from 0.3 kg/s to 1.5 kg/s (February to May) and from 
0.9 kg/s to 1.6 kg/s (October to December).  
 
 
Fig. 6. Energy consumption of CH4 storage per year 
The power requirement for the pumps is calculated as discussed before. For the calculation for 
pumping power consumption the gas density is adjusted according to the properties of CH4. The 
consumed energy for pumping has a share of about 17 % of the total energy consumption.  
Based on a cyclic reservoir pressure variation between 15,4 MPa and 16,0 MPa and cushion gas 
injection at 2 kg/s for six months, the total energy consumption for CH4 storage sums up to 3,338 MWh in 
20 years of operation. 
6. Conclusion 
In this simpliefied study we have shown that a significant part of the electricity, namely about 30 %, 
can be provided for the cities of Potsdam and Brandenburg/Havel by Wind-to-Gas CH4 using 14,8 % of 
the electricity generated by REU in the State of Brandenburg, which is the equivalent of the full load of 
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439 wind turbines in 2010 or less depending on the weather. The overall efficiency of the system is 
32.4 %.  
If the system is expanded, as we suggest here, and coupled to dynamic reservoirs for CH4 and CO2 
storage, the system becomes carbon neutral. In this case 17.2 % of electricity generated by REU in the 
State of Brandenburg is required. The overall efficiency drops by 4.7 % to 27.7 %. The main contribution 
to this efficiency reduction is the CO2 capture process attached to the combined cycle power plant, since 
the energetic costs for storage are small (0.2 %) , based on a simplified model approach. The full load of 
510 wind turbines would have been needed in 2010 and could be as low as 450 in 2007, which again 
demonstrates the influence of meteorology on an energy system based on REU. 
The analysis also showed that the 50hertz control zone and the State of Brandenburg currently have 
very high shares of wind turbines and not every federal state in Germany could operate such a system 
beside the costs associated with the suggested technology. Nevertheless, with the aim of reducing 
greenhouse gas emissions by 80 % in 2050 in mind, the concept can play an important role for the 
reduction of CO2 emissions and the revision of energy systems in Germany. The main advantage of the 
presented Wind-to-Gas concept is that is carbon neutral, the anticipated projects are of manageable size 
and major investments into transport infrastructure are not necessary as the different facilities are in direct 
proximity of each other.  
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